, Ni-Cr alloy and NiAl) composites were prepared by spark plasma sintering, and their friction and wear properties were investigated from at temperatures ranging from room temperature to 1073 K in air. The friction coefficients of the Al 2 O 3 -50 mass% BaSO 4 composites varied from 0.2 to 0.4 at the temperature range. The NiAl-50 mass% BaSO 4 composites and Ni-Cr alloy-based composites containing 50 mass% BaSO 4 showed low friction coefficients at temperatures over 873 K, although their friction coefficients were higher than 0.5 at 473 K and 673 K. The wear rates of the Al 2 O 3 -50 mass% BaSO 4 composites were much higher than those of the NiAl-50 mass% BaSO 4 composites and Ni-Cr alloy-based composites containing 50 mass% BaSO 4 at room temperature. In order to improve the wear resistance of the Al 2 O 3 -50 mass% BaSO 4 composites, it would be necessary to use fine Al 2 O 3 and BaSO 4 powders and to add some sintering additives to the composites.
Introduction
Nickel alloys and ceramic-based composites containing solid lubricants such as BaF 2 , CaF 2 1-5) and BaCrO 4 6-8) have attracted much attention as high-temperature, self-lubricating composites. In particular, Al 2 O 3 -based composites have much potential for applications as high-temperature sliding part materials because they have low density, good oxidation resistance and high strength at high temperatures. In addition, the NiAl intermetallic compound is also expected to be a candidate for the matrix phase of high-temperature selflubricating composites because NiAl has much better oxidation resistance than the Ni-Cr alloys and much higher fracture toughness than Al 2 O 3 . However, there have been few compounds that work effectively as solid lubricants in air at temperatures ranging from room temperature to 1073 K. Umeda et al. reported that BaCrO 4 worked as a solid lubricant at temperatures ranging from room temperature to 1273 K, [6] [7] [8] although BaCrO 4 is a toxic compound. Recently John et al. reported that BaSO 4 film prepared by pulsed laser deposition showed low friction coefficients in the temperature range of 773 K to 873 K. 9) BaSO 4 has the same crystal structure as BaCrO 4 , which indicates that the friction properties of BaSO 4 may be expected to be similar to those of BaCrO 4 . However, the BaSO 4 film prepared by John et al. contained a large amount of BaCO 3 phase that showed a low friction coefficient at high temperatures. Therefore, John et al. interpreted that BaCO 3 , not BaSO 4 , might have contributed to the low friction of the BaSO 4 film. Hence, the details of the friction properties of BaSO 4 have not been confirmed.
In the previous study, the friction and wear properties of Al 2 O 3 -50 mass% BaSO 4 composites against an Al 2 O 3 ball were investigated using an Optimol SRV (Schwingung Reibung Verschleiss) oscillation friction wear tester.
10) It was confirmed that the composites showed friction coefficients as low as 0.5 at the temperature range of room temperature to 1073 K. However, it has been reported that friction coefficients obtained using the SRV tester tended to be higher than those obtained using other types of tribometers.
11)
In the present study, X-BaSO 4 (X: Al 2 O 3 , Ni-Cr alloy and NiAl) composites were prepared by spark plasma sintering (SPS), [12] [13] [14] [15] [16] [17] [18] [19] and their microstructure and high-temperature tribological properties were examined using a scanning electron microscope (SEM) and another type of ball-on-disk oscillation tribometer. The SPS process, which is also called pulse electric current sintering, [20] [21] [22] [23] [24] is a method used to produce dense alloy and ceramic powder compacts much more easily at a much shorter sintering time than hot pressing and hot isostatic pressing.
Experimental Procedures
The compositions of the specimens investigated in the present study were X-50 mass% BaSO 4 (X: Al 2 O 3 , Ni-Cr alloy and NiAl). Al 2 O 3 -50 mass% BaCrO 4 composites were also prepared as reference specimens. All of the composites were prepared using the following procedures. Al 2 O 3 (99.63% pure, 5.6 to 22.5 mm), Ni-20 mass% Cr (5 to 25 mm), NiAl (99.5% pure, À100 mesh), BaSO 4 (À325 mesh) and BaCrO 4 (99% pure, À100 mesh) powders were blended using a hexane-filled standard ball mill. The blended powders were spark-plasma sintered at 1173 to 1373 K under a sintering pressure of 40 MPa for 0.3 ks, which produced composite specimens with 20 mm in diameter and 5 mm in thickness. The detailed sintering conditions used in the present study are shown in Table 1 After sintering, the density and the X-ray diffraction pattern of each specimen were evaluated. Friction tests were performed on each specimen at temperatures ranging from room temperature to 1073 K in air with relative humidity ranging from 60 to 70% using a ball-on-disk tribometer against an Al 2 O 3 ball with 9.53 mm in diameter as shown in Fig. 1 . 25) During the friction testing, each specimen was heated using high-frequency induction heating. The wear conditions were as follows; load: 4.9 N, frequency: 1 Hz, stroke: 10 mm and testing time: 1.8 ks. The microstructures of the cross sections and wear tracks of each specimen were observed using SEM with an energy dispersive spectroscopy (EDS) attachment. Figure 2 shows the X-ray diffraction patterns of the specimens A, B, C and D prepared under the conditions shown in Table 1 . No peaks of reaction product phases were detected in the patterns on any of the specimens. Figure 3 shows SEM photographs of the cross sections of the specimens A, B, C and D. No reaction product phases were observed in the specimens A, B and D, but a small amount of Al in the NiAl phase was diffused into the BaSO 4 phase in the specimen C. However, the reason why the aluminum could have diffused easily into the BaSO 4 phase has not been clarified. Also, a small amount of black spotty phase was observed in the specimen C. This phase would be Al 2 O 3 phase because the phase was composed of Al and oxygen according to EDS analysis. This Al 2 O 3 phase would be formed by partial oxidation of NiAl and Al-doped BaSO 4 phases during the sintering in a low vacuum of 15 Pa, although these mechanisms have not been clarified in detail. In our previous study, the formation of spotty Al 2 O 3 phase was also observed in Nb 3 Al, NbAl 2 , Nb 3 Si 5 Al 2 and Cr-doped Nb(Si,Al) 2 powder compacts prepared by SPS. 14, 15, 18, 19) In addition, the grain boundaries of the BaSO 4 and BaCrO 4 powder particles remained in the specimens A and D. The relative densities of the specimens were as follows: 91.0% for specimen A, 99.1% for specimen B, 95.3% for specimen C and 90.0% for specimen D.
Results and Discussion
Averaged friction coefficients for the specimens A, B, C and D at the temperatures ranging from room temperature to 1073 K are shown in Fig. 4 . The friction coefficients of the specimen A were approximately 0.3 and as low as those of the specimen D at all the testing temperatures. These values indicate that BaSO 4 may be expected to work as a solid lubricant as well as BaCrO 4 . Additionally, the friction coefficients of the Al 2 O 3 -50 mass% BaCrO 4 composites obtained using the tribometer as shown Fig. 1 were lower than those obtained using an SRV oscillation friction wear Fig. 1 Scheme of the ball-on-disk tribometer used in the present study. tester. Effects of measuring methods on friction coefficient values were reported by Kano et al. 11) Their interpretation was that the friction coefficients obtained using the SRV tester might have partially contained stationary friction coefficients that were higher than the kinetic friction coefficients. Both of the specimens B and C showed friction coefficients as low as specimens A and D above 873 K, although they were much higher than 0.5 at 473 K and 673 K. The Ni-Cr alloys and NiAl may show much higher friction coefficients than Al 2 O 3 at 473 K and 673 K. Figure 5 shows the wear rates of specimens A, B, C and D at various temperatures in air. Specimens A and D showed much higher wear rates than specimens B and C below 473 K, although their friction coefficients were low at temperatures ranging from room temperature to 1073 K (Fig. 4) . In the present study, both the Al 2 O 3 -50 mass% BaSO 4 (specimen A) and Al 2 O 3 -50 mass% BaCrO 4 (specimen D) had low relative density (approximately 90%) because they were prepared using coarse Al 2 O 3 powder (5.6 to 22.5 mm) without any sintering additives. In the previous study it was confirmed that the density of Al 2 O 3 -50 mass% BaCrO 4 composites increased from 90.0% to 96.1% with the addition of 5 mass% SiO 2 , and that their wear resistance was fairly improved. 10) Therefore, using much finer Al 2 O 3 powder and adding some sintering additives such as SiO 2 and ZrO 2 would improve the wear resistance of specimens A and D. Figure 6 shows the wear rates of the Al 2 O 3 balls on mating specimens at temperatures ranging from room temperature to 1073 K in air. The wear rates of the Al 2 O 3 balls showed tendencies similar to those of their mating specimens, as shown in Fig. 5 . Figure 7 shows the worn surfaces formed on the specimens A, B and C after sliding tests at 873 K and 1073 K. According to EDS analysis, the films that formed on the worn surfaces of the specimen A at all testing temperatures were composed of Al 2 O 3 and BaSO 4 phases. Additionally, the volume fractions of the BaSO 4 phase in all the films were slightly higher than that seen in the specimen A. This indicates that a thin BaSO 4 -rich film might have formed on the worn surface of the specimen A. Also, thin BaSO 4 -rich films were partially observed on the worn surfaces of the Al 2 O 3 balls which were used for friction test with the specimen A at any temperatures. Investigating the films in detail will require observing them using XPS (X-ray photoelectron spectroscopy) because the depth analyzed using EDS is a few micrometers, which may exceed the thickness of the films. Since the depth analyzed using XPS is only several nanometers, it is possible to investigate the chemical properties of thin films clearly.
The films formed on the worn surfaces of specimens B and C contained a large amount of the BaSO 4 phase at 873 K, while the BaSO 4 phase was scarcely observed in the films formed on the worn surfaces of specimens B and C at 1073 K. The reason why the BaSO 4 phase disappeared is unclear. The film formed on specimen C at 1073 K was mostly composed of the NiO phase, and the NiO phase might have reduced the friction coefficient of the specimen C at 1073 K (Fig. 4) . Erdemir reported that NiO showed low friction in the temperature range of 773 to 1073 K. 26) The film formed on the specimen B at 1073 K consisted of the NiO and Al 2 O 3 phases. This Al 2 O 3 phase would have increased the friction coefficient of specimen B at 1073 K (Fig. 4) . Thin films were partially observed on the worn surfaces of the Al 2 O 3 balls which were used for testing with specimens B and C at 873 K and 1073 K. The compositions of the films were similar to those of the films formed on the mating specimens. The results observed about the specimen D showed tendencies similar to those observed about the specimen A. Figure 8 shows the friction coefficients of specimen A as a function of testing time. While these friction coefficients were smooth above 473 K, the friction coefficients of the specimen were unstable up to 0.9 ks at room temperature. This indicates that a few particles of Al 2 O 3 and BaSO 4 might have spalled from the worn surface at the first stage of the friction test at room temperature. And this would have caused specimen A to have shown a high wear rate at room temperature.
Conclusions
Composites of X-50 mass% BaSO 4 (X: Al 2 O 3 , Ni-Cr alloy and NiAl) and Al 2 O 3 -50 mass% BaCrO 4 were prepared by spark plasma sintering and their high-temperature tribological properties were evaluated. The following conclusions and findings are obtained in this study.
(1) The friction coefficients of the Al 2 O 3 -50 mass% BaSO 4 composites were 0.2 to 0.4 at temperatures ranging from room temperature to 1073 K in air. (2) The NiAl-50 mass% BaSO 4 composites and Ni-Cr alloy-based composites containing 50 mass% BaSO 4 showed low friction coefficients at temperatures over 873 K, although their friction coefficients were higher than 0.5 at 473 K and 673 K. (3) The Al 2 O 3 -50 mass% BaSO 4 composites showed high wear rates at room temperature. The wear resistance of these composites may be improved by preparing them using finer Al 2 O 3 powder and adding some sintering additives.
